Abstract: Orobanche crenata Forsk is a chlorophyll lacking holoparasite that subsists on the roots of plants and causes significant damage to the culture of leguminous plants and, in particular, to peas (Pisum sativum L.). Here, we investigated the potential of Rhizobium strains for biological control of Orobanche crenata using a commercial pea cultivar (Douce de province) and different Rhizobium strains. Firstly, benefit of bacterial inoculation on plant growth and efficiency in N-incorporation were demonstrated with four isolates, P.SOM, P.1001, P.Mat.95 and P.1236. After five Rhizobium strains (three efficient: P.SOM, P.1236, P.Mat.95 and two not efficient: P.OM1.92, P.MleTem.92) were investigated for their ability to control Orobanche crenata using pot and Petri dish experiments. Inoculation of peas with two (P.SOM and P.1236) of the five strains induced a significant decrease in O. crenata seed germination and in the number of tubercles on pea roots. Furthermore, other symptoms, including the non-penetration of the germinated seeds into pea roots followed by radicle browning and death of the parasites, were observed in the presence of these inoculated pea plants. The hypothesis that roots secrete toxic compounds related to Rhizobium inoculation is discussed.
Introduction
Orobanche crenata is the most dangerous and widespread broomrape in the Mediterranean region and in western Asia seriously limiting the cultivation of many legume crops, including faba beans, peas, lentils, and various forage legumes. The problem of broomrape in this area is dramatic due to its broad distribution, to the long survival of seed-bank in the soil and to the extreme susceptibility of cultivars available to farmers. Yield losses can be huge, reaching 80% in Tunisia (Kharrat et al. 1997) . Breeding for plant resistance was thought to be the most desirable control strategy, although in some cases, such as peas, little resistance has been identified so far. Resistance to O. crenata in legumes is a quantitative, multigenic character, due to which developing resistant cultivars is a difficult task (Rubiales et al. 2003) . Combining several defense mechanisms in the same cultivar can increase resistance level; this could also increase resistance duration, as monogenic resistance can be overcome rapidly by parasites (Rubiales 2003) . Several control strategies have been proposed and employed, but none have provided complete protection (Rubiales et al. 2003) . Orobanche spp. are not usually amenable to control by persistent selective herbicides, since herbicides cannot differentiate between crops and these parasites (Joel et al. 1995) .
The main bio-control components are virulent insects and fungal pathogens, or fungal toxins (Andolfi et al. 2005; El-Kassas et al. 2005) . Concerning Striga, another harmful parasitic weed in Africa, this leads to a promising seed treatment technology based on coating of the host plant seeds with the antagonistic fungus Fusarium oxysporum (Elzein et al. 2006) . Similarly, antagonism of rhizobacteria with Striga is known and results from a negative effect on parasite germination (Bouillant et al. 1997) . In contrast, information concerning rhizobacteria antagonistic to Orobanche is very scarce. Recently, Zermane et al. (2004) identified some Pseudomonas and Ralstonia strains as natural antagonists of Orobanche. In this study, we have initiated a research program aiming at identifying some Rhizobium leguminosarum strains which display both compatibility with pea and antagonism to O. crenata. Such bacteria are attractive agents for Orobanche biocontrol in legume fields. For this purpose, we isolated twelve Rhizobium leguminosarum strains from pea roots in Orobanchefree areas. Firstly, compatibility with pea was checked by estimating nodulation-related impact on pea growth and N-incorporation in greenhouse experiments. Secondly, their respective antagonistic activity towards crenate broomrape was estimated during both early and later stages of parasite development in both pot and Petri dish experiments. Material and methods
Rhizobium bacterial strains and growth conditions
Twelve Rhizobium leguminosarum strains were isolated from pea roots in free Orobanche area. They were collected from different localities during 3 years (Table 1 ). These strains were grown at 28 
Plant materials
Pea (Pisum sativum L., cv. Douce de Provence) seeds were surface-sterilized with 10% calcium hypochlorite for 30 min, and then rinsed three times with sterile water. Seeds were placed in Petri dishes on a sterile filter paper imbibed with H2O and allowed to germinate at 28 • C. Following germination in Petri-dishes, seedlings were transferred to plastic growing pots containing sterilized sand, with N-free nutrient solution and inoculated with 3 mL of the selected strain (10 7 Rhizobium mL −1 ). Controls were non-inoculated seedlings grown on an irrigated N-free nutrient solution. Plants were grown in a glasshouse and the minimum temperature was kept above 20
• C. Shoots were harvested after 45 days and their dry weights recorded after drying in an oven (70 • C, 72 h). Nodules were separated from roots for counting and weighting. Shoots were analyzed by Kjeldahl digestion (Parkinson & Allen 1975 ) to determine total shoot N.
Evaluation of Rhizobium strains as biological control agents of broomrape (Orobanche crenata)
Petri dishes experiments The ability of Rhiozbium strains to control O. crenata was studied in Petri dishes assay (Rubiales et al. 2003) . Pea seeds were germinated in Petri dishes on wet glass-fiber filter papers and kept in the dark at 20
• C for 7 days. When the radicle reached 4-5 cm length, plants were transferred to new dishes (9 cm diameter) using perlite and glass fiber papers (Whatmann GF/A) as a substrate. O. crenata seeds (8 mg) were previously spread on the paper, after being disinfected with sodium hypochlorite (10%, for 20 min) and placed in darkness at 20
• C for 15 days. Dishes were sealed with parafilm, covered with aluminium foil to exclude light and were placed vertically, the germinating host plant upwards, in trays with nutrient solution (Vadez et al. 1996) . Test plants were maintained in a growth chamber at 20
• C with a 14-h photoperiod. O. crenata seed germination was evaluated 45 days after transplantation, by using a stereoscopic microscope (×20). Five hundred seeds located close (< 3 mm) to the pea root were observed. Seeds were considered to be germinated when the germ tube was at least 0.1 mm long; the number of germinated seeds was counted and expressed as percentage of the total. In addition tubercle formation was evaluated 45 days after transplanting.
Pot experiments Five Rhizobium strains (P.SOM, P.1236, P.Mat.95, P.MleTem.92 and P.OM1) were tested in a pot experiment with five replicates per treatment. Plastic pots were filled up to 2/3 of their height with a mixture of local field soil and sand (1:1, v/v). The soil was heated at 120
• C for 4 h to destroy alien weed seeds. O. crenata seeds (75 mg) were mixed with the soil. Three pea seeds were sown in each pot and 5 mL of inoculum was added. Two control treatments were used: pea only and pea with O. crenata seeds. Seventeen days after sowing, plants were thinned out to one plant per pot and the pots were irrigated as required. Experiments were finished when the host plants in the control treatments stopped growing due to O. crenata infection. The root systems were taken out of the plastic pots and washed. We recorded the number of healthy and diseased Orobanche shoots. The dry weights of root system as well as the dry matter of the aboveground host plant were recorded.
Statistical analysis
The greenhouse cultures were conducted during two consecutive years. Similar results were obtained in both experimentations. In all the experiments, 5 plants were grown per treatment. Consequently, the data are means ± confidence limits (n = 5, α = 0.05, Student's t test). In addition, data were analyzed by multifactorial analysis of variance (ANOVA, SPSS 12.0 for Windows) and significant differences among treatments were considered at the P < 0.05 level.
Results
Evaluation of plant growth promotion responses to inoculation Significant differences in shoot were observed between inoculated plants with different strains and non inoculated controls (Table 2) . Considering shoot growth, N 2 fixation efficiency of tested rhizobia ranged from 14 to 150%. Some Rhizobium strains established an ineffective symbiotic association (strains P.MleTem.92 and P.MleTem.94) while other strains provided greater shoot weight than the N free treatment (P.1001, P.1236, P.SOM and P.Mat.95). A remarkable variation in nodule number and nodule mass was found between strains (Table 2) while P.MleTem.92 Rhizobium strain showed no nodule on pea roots.
Nitrogen concentration in shoot showed an important variation among plants inoculated with efficient Rhizobium strains. The highest concentrations were found with P.SOM, P.1236, P.1001 and P.Mat.95 strains (Table 2 ). These strains conferred to pea nodulation, nitrogen fixing capacity and shoot growth higher than those attained with the other strains tested.
Evaluation of Rhizobium strains for biological control of broomrape (O. crenata) Effect of Rhizobium strains on underground stages of O. crenata. In vitro germination of O. crenata seeds was significantly decreased by 69% and 87% after the inoculation with Rhizobium strains P.SOM and P.1236 respectively (Table 3 ). The number of tubercles formed on pea roots inoculated with bacteria was significantly reduced compared to the non inoculated control (Table 3) . Changes in some O. crenata germinated seeds started to be visible on day 18. Radicles turned from colorless and translucid to brownish-yellow, elongation ceased, and orobanche development stopped (Fig. 1B) . The observation of early stages of the infection process (from attachment to tubercles formation) showed that O. crenata successfully invaded the pea root not inoculated with bacteria and small tubercles (10-14 per plant) were established 35 to 45 days after inoculation ( Figs  1C,E) . In seedlings inoculated with bacteria, O. crenata radicles elongated and adhered to the root surface, but some of them became brown (Fig. 1D ). Tubercles were rarely observed in the roots inoculated with bacteria (0-2 tubercles). Some disease symptoms on early development stages were observed in the case of inoculated pea with bacteria. The proportion of necrotic tubercles increased with time. Forty five days after transplanting the highest percentage was observed on pea inocu- lated with bacteria strains P.SOM and P.1236 (data not shown). Figures 1C and E show the compatible interaction between O. crenata and a susceptible legume (pea). Healthy tubercle developed on the host roots within 12 Figs 1D,F) .
Effect of Rhizobium strains on O. crenata development in pots
In the pot experiments pea inoculated with Rhizobium strains (P.SOM and P.1236) resulted in decrease of the number of tubercles on pea roots. However, the number of tubercles formed did not differ statistically between control and pea inoculated with Rhizobium strains P.OM1 and P.MleTem92 (Table 4 ). The total orobanche dry matter per pot was significantly reduced only in pea inoculated with Rhizobium strains P.SOM and P.1236. Using the same strains pea dry matter increased (Table 2 ). In greenhouse Rhizobium strains caused necrotic symptoms on O. crenata shoots. Whereas no symptoms occurred on the not inoculated plants.
Discussion
Variations of shoot DM, nodule number and nodule DM with the inoculated Rhizobium strains confirm the observations by Skot (1983) and Hobbs et al. (1983) on pea-rhizobia symbiosis. Bacterial partner influence on symbiosis performance was mentioned in several reports; hence, (Aouani et al. 1997 ) grouped rhizobial strains according to their effectiveness on common bean cultivar. Differences in strain effectiveness can be associated with compatibility with host plant controlled by a complex interaction mechanism (Hirsh et al. 2001; Denarié et al. 1992 ). Our results demonstrate that the P.SOM, P.1236, P.1001 and P.Mat.95 Rhizobium strains had higher N 2 fixation efficiency than the other strains assayed.
In vitro germination of O. crenata seeds decreased significantly after inoculation with P.SOM and P.1236 Rhizobium strains. Similarly, bacteria isolates obtained from the soil reduced Striga seeds germination significantly (Bouillant et al. 1997; Miché et al. 2000) . Another Rhizobium P.1001 induced some increase of growth of peas, but did not inhibit O. crenata germination or tubercle formation on pea roots. Nevertheless, our data may support the hypothesis that inoculation of roots with P.SOM and P.1236 Rhizobium strains enhances a host defense mechanism in peas. A decrease of stimulant production by inoculated peas could explain the reduced proportion of parasite germination observed in the presence of P.SOM-and P.1236-inoculated plants. Nevertheless, the mechanism involved in this hypothetical inoculation-mediated decrease in stimulant production requires clarification. In vitro co-cultures provided evidence that a much higher proportion of the Orobanche seedlings succeeding in germinating close to P.SOM or P.12136-inoculated roots turned brown before or during root penetration and finally failed in attachment to host roots (Figs 1B, D) . This explains the significant reduction of tubercle formation on inoculated pea roots (Tables 3,  4) . A later resistance was observed in P.SOM and P.1236-inoculated peas, corresponding to browning of attached tubercles. This was obvious in pot experiments as well as in Petri-dish co-cultures similarly, necrosis of Orobanche seedlings was observed for various Orobanche species confronted to resistant hosts (Goldwasser et al. 1997) . In sunflower infected by O. cernua, this is specifically related to a phytoalexin secretion by host roots (Serghini et al. 2001) . Besides, by taking account that there is evidence that symbiotic bacteria or fungi elicit some of the phytoalexin response that is normally related to pathogens (Phillips & Kapulnik 1995) , such compounds will have to be investigated in further studies for a better understanding of the mechanisms leading to Orobanche necrosis during infectious process
We conclude that two Rhizobium strains (P.SOM and P.1236) protect efficiently their pea partners against O. crenata. This is based on the observations that, in the presence of the symbionts, peas grew better, while both parasite germination and development were reduced. These strains were isolated from an uncontamined area in the field. Therefore, we hypothesized that, under natural conditions, these Rhizobium strains could have a major impact on both parasite germination and pea growth. The P.SOM and P.1236 Rhizobium strains are potential candidates as inoculants for growth promotion and fertilizer reduction. At the same time, they would also be a good tool to reduce parasitic infestation. This treatment could provide a double benefit for O. crenata contaminated and nutrient deficient soils. Assays are currently conducted in the field in Tunisia, to confirm these promising effects.
